two small motifs with two mitotic proteins: XCAP-H, a component of the X. laevis 13S condensin complex , and Barren, a Drosophila protein essential for mitotic chromosome segregation in vivo (Bhat et al., 1996) . Despite the similarities, DPY-26 differs significantly from both proteins and does not function in mitosis.
The sequence similarities between conserved mitotic proteins and two key components of the dosage compensation complex, DPY-26 and DPY-27, raise a fundamental question about the relationship between dosage compensation and mitosis: Are these processes related simply because dosage compensation-specific proteins regulate X chromosome expression by exploiting the structural motifs used by mitotic proteins for chromosome segregation, or does the relationship have a deeper mechanistic significance, with conserved mitotic proteins actively participating in both chromosome segregation and dosage compensation within the same cell? The discovery of shared components would imply that the mechanism underlying chromosome condensation and transcriptional silencing in mitosis is directly related to the mechanism of dosage compensation. Hence, information about the mechanism of one process would be directly relevant to the mechanism of the other. Moreover, one could infer that the dosage compensation process evolved by recruiting existing components used in other chromosome behaviors to the new task of fine-tuning X chromosome expression. Thus, the evolution of dosage compensation would not have required the de novo creation of all its components.
In the present study, we describe a new component of the C. elegans dosage compensation complex that is essential to both sexes. We show that the ‫051ف‬ kDa member of the dosage compensation complex, a protein we call MIX-1 (mitosis and X-associated protein), is a homolog of Smc2p from yeast and XCAP-E from frogs. Not only is MIX-1 critical for repression of X chromosome gene expression in hermaphrodites, but it is also essential for mitotic chromosome segregation in both sexes. MIX-1 associates specifically with hermaphrodite X chromosomes during interphase and with all chromosomes of both sexes during mitosis. Thus, an evolutionarily conserved component of the mitotic machinery has been recruited to the dosage compensation process to with each activity being specified through interactions (C) Western blots of IPs using MIX-1 antibodies and nuclear extracts with other proteins. These combined observations sugfrom wild-type or dpy-27 mutant embryos that were probed with gest that dosage compensation arose in C. elegans either MIX-1 or DPY-27 antibodies. MIX-1 antibodies immunoprecipthrough the evolution of dosage compensation-specific itate both MIX-1 (lane 1) and DPY-27 (lane 3) from wild-type embryproteins that direct functional components of mitotic onic extracts, but only MIX-1 from dpy-27 mutant extracts (lane 2 compared to lane 4). Purified FLAG-tagged DPY-27 protein (lane 5).
chromosomes to interphase X chromosomes. 
Results
pensation and chromosome segregation during mitosis.
To test whether MIX-1 forms a stable complex with DPY-26 and DPY-27 in vivo, we performed immunopre-A Biochemically Defined Component of the Dosage Compensation Complex Is a Homolog cipitation experiments using affinity-purified antibodies to DPY-27 or DPY-26 and nuclear extracts from wildof Proteins Involved in Chromosome Condensation and Segregation type and mutant C. elegans embryos. The resultant immunoprecipitates were fractionated by SDS-PAGE and The similarity of DPY-27 to one subclass of SMC proteins (XCAP-C), together with the knowledge that SMC immunoblotted with affinity-purified antibodies ( Figure  1 ). As expected, DPY-27 antibodies immunoprecipitated proteins of different subclasses form heterodimers, prompted us to determine if either the ‫051ف‬ kDa or the DPY-27 from wild-type nuclear extracts but not from dpy-27 mutant extracts ( Figure 1A , lanes 1 and 2). The ‫061ف‬ kDa uncharacterized component of the dosage compensation complex belongs to the SMC family (Chu-DPY-27 antibodies also immunoprecipitated MIX-1 from wild-type extracts but not from the control dpy-27 muang et al., 1996) . We cloned a C. elegans homolog of the XCAP-E subclass and raised antibodies against portant extracts ( Figure 1A , lanes 3 and 4), demonstrating that DPY-27 and MIX-1 form a stable complex. This tions of the predicted 1245 amino acid protein called MIX-1 (see Experimental Procedures). The experiments DPY-27/MIX-1 interaction is robust and withstands high stringency washes up to 1M KCl (data not shown). MIX-1 described below showed that MIX-1 migrates in SDS-PAGE at the same position as the ‫051ف‬ kDa component, was also immunoprecipitated with DPY-26 antibodies in a DPY-26-dependent manner ( Figure 1B) . In a reciprocal and MIX-1 is essential for X chromosome dosage com- A merged image of a wild-type adult male costained with propidium iodide (PI, red), and MIX-1 antibodies (green). MIX-1 is absent from all nondividing somatic cells but associates with all mitotic chromosomes and pachytene meiotic chromosomes within the onearmed gonad (green arrow). (B) A merged image of a wild-type adult hermaphrodite costained with PI (red) and MIX-1 (green) antibodies. The yellow subnuclear dots (white arrows) represent the MIX-1 X chromosome staining in somatic nuclei. MIX-1 also associates with all mitotic chromosomes and pachytene meiotic chromosomes of the two-armed gonad (green arrows). A role for MIX-1 in meiosis has not yet been defined. (C) A merged image of a him-5(e1490) dpy-21(e428); xol-1(y9) XO male costained with PI (red) and MIX-1 antibodies (green). The subnuclear, punctate MIX-1 staining pattern is similar to that of wild-type hermaphrodites, indicating that MIX-1 is inappropriately localized to X. In this one-armed gonad, mitotic and meiotic chromosome staining (green arrow) is normal. Scale bars, 100 m. experiment, MIX-1 antibodies immunoprecipitated DPYshould become localized to the X chromosomes of XX embryos at approximately the 30-cell stage, when dos-26 (data not shown), and MIX-1 and DPY-27 ( Figure 1C , lanes 1 and 3) from wild-type nuclear extracts, confirmage compensation is activated, and the X localization should be hermaphrodite-specific. In immunofluoresing the existence of the DPY-27/MIX-1/DPY-26 complex. In addition, cofractionation of DPY-26, DPY-27, cence experiments using MIX-1 antibodies, we observed that hermaphrodite (XX) embryos at or beyond and MIX-1 was observed through the sequential cation and anion exchange chromatography used for the parthe 30-cell stage consistently exhibit punctate, subnuclear foci of intense MIX-1 staining (Figures 2A-2C ). tial purification of the dosage compensation complex in Chuang et al. (1996) (data not shown). Together, these These areas of increased MIX-1 intensity are coincident with the staining observed with DPY-26 antibodies (Figbiochemical data implicate the XCAP-E homolog, MIX-1, as the ‫051ف‬ kDa component of the dosage compensaures 2D-2F), indicating that MIX-1 localizes to the X chromosomes. In young dosage-compensating XX emtion complex.
bryos, diffuse nuclear staining is also seen, reflecting the mitotic function of MIX-1 (see below). During Interphase, MIX-1 Is Localized to the X Chromosomes of Wild-Type
The sex specificity of the X chromosome localization was addressed using a reporter transgene in which the XX but Not XO Animals If MIX-1 functions as a member of the dosage compenmale-specific xol-1 promoter directs expression of the lacZ gene. XO but not XX embryos carrying this reporter sation complex in vivo, two expectations should be met concerning the distribution of MIX-1 in embryos. MIX-1 express ␤-galactosidase (Rhind et al., 1995) . Costaining experiments with antibodies to ␤-galactosidase and males ( Figure 3A ). We confirmed that the MIX-1 staining in hermaphrodites was X chromosome-specific by co-MIX-1 revealed that the embryos with no ␤-galactosidase staining showed the subnuclear, punctate MIX-1 staining adults with DPY-26 and MIX-1 antibodies (data not shown). staining pattern characteristic of XX embryos, and embryos with strong ␤-galactosidase staining had a uniTo address how MIX-1's function in dosage compensation is sex-specifically regulated, we determined the form nuclear MIX-1 staining pattern that is diminished by the 1 1/2-fold stage of embryogenesis (Ͼ500 cells), effect of a xol-1 mutation on the localization of MIX-1. xol-1 is a switch gene that directs the male modes of when most cell divisions are complete (compare XX to XO, Figures 2G-2I ). Therefore, MIX-1 is produced in both both sex determination and dosage compensation by negatively regulating the XX-specific sdc genes that cosexes but localizes to the X chromosomes of XX but not XO embryos during interphase. To confirm that the ordinately control both processes (Miller et al., 1988; Rhind et al., 1995) . Mutations in xol-1 kill XO animals by X localization of MIX-1 is hermaphrodite-specific, we stained adult XX and XO animals with MIX-1 antibodies.
causing the dosage compensation complex to associate with the single X chromosome and thereby reduce X Subnuclear, punctate MIX-1 staining was apparent in the somatic cells of XX hermaphrodites ( Figure 3B ), but gene expression (Chuang et al., 1994; Lieb et al., 1996; Davis and Meyer, 1997) . We stained xol-1 XO adult males no MIX-1 staining was visible in the somatic cells of XO whose death had been suppressed by a mutation in MIX-1 colocalized with X (compare Figures 3B and 3C ), indicating that in wild-type males, xol-1 prevents MIX-1 dpy-21, a dosage compensation gene required for the function but not the X association of the dosage comfrom associating with X. In conclusion, three results indicate that MIX-1 plays a role in dosage compensation: pensation complex (Chuang et al., 1996) . In these adults, the biochemical demonstration of a protein complex
The X Chromosome Localization of MIX-1 but Not the Mitotic-Chromosome Localization containing MIX-1 and the dosage compensation proIs Conferred by Genes that Control teins DPY-26 and DPY-27, the hermaphrodite-specific Dosage Compensation localization of MIX-1 to the X chromosomes of wild-type How are the roles of MIX-1 in the two separate processes somatic cells, and the ectopic localization of MIX-1 to of mitosis and X chromosome dosage compensation the male X chromosome in xol-1 mutants.
specified? We addressed this issue by examining the impact of mutations in dosage compensation genes on the localization of MIX-1 to mitotic chromosomes and MIX-1 Associates with All Chromosomes at Each to X chromosomes during interphase (see Experimental
Mitosis in Both Males and Hermaphrodites
Procedures). Mutations in all the dosage-compensation In many organisms, the SMC proteins act during mitosis dpy or sdc genes except sdc-1 and dpy-21 cause an to ensure the proper condensation and segregation of elevation in X chromosome expression that kills Ͼ95% chromosomes. To determine whether MIX-1 functions of XX animals (reviewed in Cline and Meyer, 1996) . These outside the context of dosage compensation in C. elemutations have no effect on mitosis. gans, we analyzed the distribution of MIX-1 throughout
We found that in dpy-26 and dpy-28 mutants, MIX-1 the cell cycle using MIX-1 antibodies and a mitotic-cellis completely absent from interphase nuclei; only faint specific antibody ( Figures 4A-4C ) directed against the cytoplasmic staining is visible ( Figures 5A-5F ). Despite phosphorylated form of histone H3 (Hendzel et al., 1997) .
the apparent overall reduction of MIX-1 levels, a variable In young embryos, prior to the initiation of dosage comsubset of cells in some dpy-26 or dpy-28 embryos dispensation (Ͻ30 cells), MIX-1 is localized to all chroplayed intense nuclear MIX-1 staining. By costaining the mosomes during mitosis ( Figures 4D and 4E ). In older mutant embryos with MIX-1 antibodies and phosphorywild-type XX embryos that have activated dosage comlated histone H3 antibodies, we showed that the only pensation, MIX-1 is localized to X in interphase cells; it cells expressing MIX-1 were mitotic cells or cells just then appears to accumulate to a higher level in mitotic entering mitosis ( Figures 5A-5F ). These results highlight cells, where it associates with all chromosomes (Figures the cell-cycle dependence of MIX-1 accumulation and 4F-4H). In contrast, the dosage compensation proteins suggest that the dosage compensation genes dpy-26 DPY-26 and DPY-27 are associated exclusively with the and dpy-28 are essential for the stability of MIX-1 when X chromosome during mitosis ( Figure 4I and data not it functions in dosage compensation, but they have no shown). These results suggest that MIX-1 has a funcmajor effect on the mitotic function of MIX-1. tional role in mitosis and that it is regulated in a cell
In embryos that lack any one of the genes (sdc-2, cycle-dependent manner.
sdc-3, and dpy-30) that are required for the X chromoThe apparent cell-cycle regulation becomes obvious some localization of the dosage compensation complex, as early as the two-cell stage, when the anterior AB cell MIX-1 was not localized to X but was distributed difdivides just ahead of the posterior P1. In embryos of fusely throughout the interphase nuclei ( Figures 5J-5R ). this age, MIX-1 protein can be seen in AB, but not in P1 MIX-1 also requires DPY-27 for its localization to X, ( Figure 4E ). After mitosis, MIX-1 staining becomes more as does DPY-26 ( Figures 5S-5U ). The MIX-1 staining diffuse and less intense, only to increase in intensity pattern observed in these mutant embryos was indistinjust prior to the next mitosis. This apparent oscillation guishable from that of wild-type XO embryos. In conin MIX-1 protein levels is obscured by the accumulation trast, these genes are not required for the increase in of MIX-1 protein in the interphase nuclei of embryos MIX-1 protein levels during mitosis or for the localization (Ͼ30-cell stage) undergoing rapid cell divisions. Howof MIX-1 to mitotic chromosomes (data not shown). Conever, at a time after most embryonic cell divisions have sistent with previous findings that mutations in dpy-21 occurred, cell cycle regulation of MIX-1 becomes noticeand sdc-1 have no effect on the localization of the dosable once again (Figures 4F-4H ). Mitotic cells exhibit age compensation complex to X, we observed that a intense MIX-1 staining, and interphase cells exhibit null mutation in either of these genes also has no effect weaker X chromosome-specific staining. The cell-cycle on the localization of MIX-1 to X ( Figures 5G-5I , data difference in the accumulation of MIX-1 is also obvious not shown). In sum, these observations demonstrate in specific dosage compensation mutants (see below)
that the X localization and interphase stability of MIX-1 and in wild-type males, where the dosage compensation are dependent on genes required for dosage compensaprocess is not active. For example, MIX-1 protein is tion, and that MIX-1 thus behaves as other members of virtually absent from male somatic cells by the fourth the dosage compensation complex in vivo. However, larval stage (L4), when most cell division is complete.
the dosage compensation mutations have no obvious However, intense MIX-1 staining is seen in the L4 male effect on the mitotic function of MIX-1, indicating that tail cells that divide and differentiate as part of sexual the roles of MIX-1 in mitosis and dosage compensation maturation (data not shown). Together, these results are specified independently. suggest that MIX-1 protein levels increase prior to each mitosis and that the autosome-associated MIX-1 protein is degraded upon the completion of mitosis. The associ-MIX-1 Is Encoded by the Essential Gene let-29 ation of MIX-1 with mitotic chromosomes and the cellTo determine whether MIX-1 plays an essential role in cycle dependence of MIX-1 levels suggest that MIX-1 both X chromosome dosage compensation and mitotic plays a role in mitosis that is independent of its role in chromosome segregation in vivo, we obtained and characterized mutants defective in MIX-1. Our search for dosage compensation. mix-1 mutations focused on mutations lethal to both associated with mitotic chromosomes in these mutants. Based on the rescue obtained in the injection experisexes for two reasons: mitosis is an essential process, and mix-1 alleles were not recovered in genetic screens ments, the DNA sequence changes found in let-29 homozygous animals, and the distribution of MIX-1 protein for dosage compensation mutations that cause sexspecific lethality. We first determined the position of in mutant embryos, we conclude that MIX-1 is encoded by let-29. We therefore changed the name of the let-29 mix-1 relative to genetically defined chromosomal deficiencies using a PCR strategy (Experimental Procegene to mix-1. dures). We then asked whether a wild-type mix-1 gene could rescue the lethal phenotype caused by mutations Mutations in mix-1 Cause Defects in Mitotic in the genes located in that interval.
Chromosome Segregation, and Possibly mix-1 mapped to an interval that coincides with the Condensation, in Both Sexes genetic map position of four candidate genes defined
We observed that mix-1 mutants exhibit defects in the by mutations that cause either recessive lethal (let) or segregation of mitotic chromosomes. Animals homozymaternal-effect lethal (mel) phenotypes (let-21, let-29, gous for null alleles of mix-1 survive for extended periods mel-13, and ooc-1). To assay whether the wild-type as arrested L1 or L2 larvae, presumably because the mix-1 gene could rescue the lethality caused by mutamaternal contribution of wild-type MIX-1 suffices for tions in any of these genes, a mix-1 genomic DNA-cDNA embryonic development. The arrested mix-1(mn29) larfusion construct (pMRA2) was made and injected into vae, having depleted the maternal MIX-1 activity, exhibit the gonads of balanced heterozygous mutant strains variable pleiotropic defects concordant with abnormal (Experimental Procedures). nuclear division (see Experimental Procedures). Mitotic homozygous mutants normally die at the L1 or L2 larval defects are most striking in embryos from mothers that stage, we recovered Unc adults from the transgenic carry the homozygous mix-1(b285) mutation. First-genprogeny of our injected animals, indicating that mix-1 eration hermaphrodites homozygous for the partial-lossmight rescue the larval lethality of let-29. No such rescue of-function mix-1(b285) mutation survive to adulthood, was observed for the other candidate genes. However, but 100% of their offspring die as embryos because all the transformed F1 animals were sterile, and attempts they lack the wild-type maternal contribution of MIX-1 to maintain stably transformed lines of mix-1 in either (Kemphues et al., 1988) . These dying mix-1(b285) emmutant or wild-type worms failed.
bryos display extensive anomalies in chromosome beTo confirm that let-29 encodes the MIX-1 protein, we havior ( Figures 6L-6P) , with defects in chromosome sequenced the mix-1 gene from let-29 homozygous musegregation apparent as early as the two-cell stage tants. The presumed null allele let-29(mn29) (Herman, ( Figure 6L ). In these mutants, chromatin bridges are a 1978) has a G-to-A transition at nucleotide position 103, common feature of chromosomes attempting to separesulting in a glycine to serine change at amino acid rate at anaphase, suggesting a persistence of sister position 35 ( Figure 6A ). The glycine at this position is chromatid adhesion or the unresolved entanglement of within the ATP-binding motif shown to be essential for postreplication DNA (Figures 6L-6O ). In every embryo, SMC protein function. The glycine is conserved in all interphase nuclei appear swollen and irregularly shaped SMC proteins (Ͼ25) and most ATP-binding motifs. A compared to those in wild-type embryos Figure 6K ). In some cases, massive et al., 1988), which causes maternal-effect embryonic aggregates of DNA occupied large portions of the emlethality, has a G-to-A transition at nucleotide 190, causbryo ( Figure 6P ), consistent with either gross chromoing a glutamic acid to lysine change at amino acid 64 some condensation defects or multiple rounds of DNA ( Figure 6A) . A charge reversal at this residue is likely to replication without cell division (endoreduplication). In have a deleterious effect on protein function, since a addition, mix-1(b285) embryos fail to segregate chromonegatively charged amino acid, either glutamic acid or somes properly, as demonstrated by lagging chroaspartic acid, is found at this position in most SMC mosomes ( Figure 6M ) and chromosomes that have not proteins ( Figure 6A) . migrated toward the spindle poles ( Figure 6Q ). The chroFurther indication that the charge reversal in letmosome segregation defect is not likely to be caused 29(b285) affects the function of MIX-1 was revealed by by a spindle defect because the morphology of mitotic the abnormal cytoplasmic distribution of MIX-1 in homospindles in mix-1(b285) embryos was indistinguishable zygous let-29(b285) embryos stained with MIX-1 antibodies ( Figures 6B-6D ). Only rarely was MIX-1 correctly from that in wild-type embryos (data not shown). We The involvement of mix-1 in dosage compensation was assessed using a genetic assay in which dosage compensation mutations are expected to cause a transformation of sexual fate. Normally, sdc-3(Tra)/sdc-3(Tra) XX animals from sdc-3(Tra)/ϩ XX mothers are males. However, if m is a mutation in a dosage compensation gene, m/ϩ; sdc-3(Tra)/sdc-3(Tra) XX animals from m/ϩ; sdc-3(Tra)/ϩ XX mothers are hermaphrodites. In our experiment, the unc-4 mix-1(mn29)/ϩϩ; sdc-3(Tra) unc-76/ϩϩ parents and the mnC1/ϩ; sdc-3(Tra) unc-76/ϩϩ control parents were generated as described in the Experimental Procedures. These individual L4 animals were picked to plates and transferred every 12 hr. Their genotype was inferred from their progeny. Dpy Unc animals signified a mnC1/ϩ parent. Unc-4-arrested L1-L2 animals signified a mix-1/ϩ parent. In the assay, homozygous sdc-3(Tra) unc-76 animals were identified by their Unc-76 phenotype, which is distinguishable from the Unc-4 phenotype. Unc-76 animals were scored as males if they had male tail structures. Percentages refer to the number of males or hermaphrodites in the Unc-76 population. The mix-1 mutation suppresses sdc-3(Tra) to the same degree as a dpy-27 mutation (see DeLong et al., 1993) .
conclude that wild-type MIX-1 function is required for compensation gene, m/ϩ; sdc-3(Tra)/sdc-3(Tra) animals are hermaphrodites, whereas ϩ/ϩ; sdc-3(Tra)/ the segregation and possibly the condensation of chromosomes at mitosis.
sdc-3(Tra) animals are males. This phenomenon has been observed with mutations in all genes known to Many mix-1(b285) embryos that live to later stages of embryogenesis have an unusually large number of cells implement dosage compensation but not regulate sex determination (dpy-21, dpy-26, dpy-27, and dpy-28). The arrested in metaphase ( Figure 6R ). In contrast, younger embryos attempt cell division despite having highly abeffect has been correlated with an elevation in X chromosome gene expression and has never been observed normal chromosome morphology. Therefore, a checkpoint specific to older C. elegans embryos may act to with mutations that have no effect on gene expression (DeLong et al., 1993) . We created mix-1(mn29)/ϩ; sdc-3 stop progression through the cell cycle in response to chromosomal abnormalities induced by lack of func-(Tra)/sdc-3(Tra) animals and scored their sexual phenotype (Table 1) . While 87% of the ϩ/ϩ; sdc-3(Tra)/sdctional MIX-1.
3(Tra) control animals were male, only 3% of the mix-1 (mn29)/ϩ; sdc-3(Tra)/sdc-3(Tra) animals were male and mix-1 Is Essential for Dosage Compensation 97% were hermaphrodite, demonstrating that mixAnalysis of mix-1 mutants revealed that the dosage 1(mn29) has a dominant suppressing effect on the mascompensation complex does not form properly on X culinization caused by sdc-3(Tra). We conclude that muchromosomes. The effect on complex formation was tation of mix-1 causes an elevation of X chromosome assessed by staining the progeny of hermaphrodites gene expression as the result of a dosage compensation homozygous for the partial-loss-of-function mutation, defect. mix-1(b285), with antibodies to DPY-26 and to DPY-27 ( Figures 6E-6J ). While the DPY-27 protein was localized to X in these mutants despite gross abnormalities in Discussion nuclear structure ( Figures 6E-6G ), the distribution of DPY-26 protein was abnormal. DPY-26 protein often
We have demonstrated that an essential component of the mitotic machinery in C. elegans also regulates the occupied the entire volume of the nucleus and was only rarely associated specifically with the X chromosomes expression of X chromosome genes during interphase. This protein, MIX-1, is an integral component of the ( Figures 6H-6J) , suggesting that the dosage compensation mechanism is defective.
dosage compensation complex that associates specifically with hermaphrodite X chromosomes to reduce their We further demonstrated the involvement of mix-1 in dosage compensation using a genetic assay that degene expression. MIX-1 also accumulates to high levels at each mitosis and associates with all mitotic chromotects disruptions in dosage compensation caused by the loss of only one of the two wild-type copies of a somes to ensure their proper segregation. The role of MIX-1 in this vital cellular process precluded its identifidosage compensation gene. This assay for dominant effects of mix-1 was essential because animals homozycation in previous searches for dosage compensation genes that exploited the sex-specific action of dosage gous for null alleles of mix-1 are dead. The assay is based on the observation that disruptions in dosage compensation (reviewed in Cline and Meyer, 1996) . MIX-1 belongs to the SMC family of proteins shown compensation can cause reversal of sexual fate (DeLong et al., 1993) . Specifically, the sdc-3(y52Tra) sex determito be essential for mitotic chromosome condensation and segregation in yeast and frogs (reviewed in Koshnation mutation-referred to as sdc-3(Tra)-causes XX animals (normally hermaphrodites) to develop as males, land and Strunnikov, 1996) . In neither organism have these proteins been implicated in gene regulation. The and this masculinization can be reversed in a dominant manner by loss-of-function dosage compensation muinvolvement of MIX-1 in C. elegans mitosis confirms the evolutionary conservation of SMC protein function and tations. For example, when m is a mutation in a dosage MIX-1 has two separate, but perhaps related, functions. During mitosis, MIX-1 associates with all chromosomes in both sexes and acts with unidentified mitotic factors to ensure proper chromosome condensation and segregation. During interphase, MIX-1, in conjunction with dosage compensation-specific proteins, localizes to the X chromosomes of XX hermaphrodites and reduces X chromosome gene expression. Analysis of C. elegans dosage compensation may reveal how changes in the higher order structure of interphase chromosomes perturb gene expression and thereby clarify the role of interphase chromosome structure in the general expression of genes.
suggests that the participation of SMC proteins in this and MIX-1 belong to two different subclasses of SMC aspect of gene regulation is a more recent adaptation.
proteins known to form heterodimers during mitosis: In addition, the finding that mitosis and dosage compen-XCAP-C and XCAP-E, respectively. These combined resation share a common component indicates that the sults suggest that MIX-1's role in dosage compensation mechanisms underlying these processes are closely reis conferred by its association with a dosage compensalated and likely to involve the organization of higher tion-specific protein and that the different functions of order chromosome structure.
a particular SMC protein can be specified by its protein partners within a single cell. It follows that an SMC proRecruitment of a Mitotic Protein to the Dosage tein might be used in multiple protein complexes for Compensation Process separate cellular functions in other organisms. Our reWe can infer from our results that the C. elegans dosage sults also suggest that DPY-27 may have evolved to compensation process evolved by recruiting comporecruit MIX-1 to X, and they predict that MIX-1 may nents used in other chromosome behaviors to the new interact with a more conventional SMC partner for its task of fine-tuning X chromosome expression. That is, role in mitosis (Figure 7 ). proteins exclusive to dosage compensation recruited a Our finding indicates that the evolution of C. elegans general mitotic factor to the X chromosomes of herdosage compensation did not require the de novo cremaphrodites, thereby permitting a chromosome conation of all its components. A requirement for dosage densation protein to function as a global regulator of compensation arises with the evolution of chromosomegene expression (Figure 7 ). This inference is reinforced based mechanisms of sex determination that cause a by our finding that the dual roles of MIX-1 in mitosis difference in sex chromosome dose between males and and dosage compensation are specified independently.
females. Since sex-determining mechanisms evolve MIX-1 requires the activities of other dosage compensarapidly, dosage compensation mechanisms must evolve tion proteins to regulate X chromosome gene expresequally rapidly to prevent sex-specific lethality (Charlession, but these genes are not required for the mitotic worth, 1996). The recruitment of MIX-1 to dosage comfunction. DPY-26 and DPY-28 are needed for the stability pensation from the ancient process of mitosis suggests of MIX-1 in interphase cells but not in mitotic cells. The how dosage compensation was able to coevolve with MIX-1 protein that forms a complex with the dosage sex determination and suggests that the evolutionary compensation proteins appears to be protected from leap that created the dosage compensation machinery degradation after mitosis. In addition, the participation may not be as large as would otherwise appear. of MIX-1 in X chromosome gene regulation is dependent on the dosage compensation proteins SDC-2 and SDC-3, which coordinate the sex-specific association Parallels between a Dosage Compensation Complex of the dosage compensation complex on X (Chuang and a Mitotic Chromosome Complex et al., 1996; Lieb et al., 1996; Davis and Meyer, 1997) .
The involvement of MIX-1 in both dosage compensation Although MIX-1 cannot associate with interphase X and mitosis justifies a comparison between the dosage chromosomes in the absence of these proteins, it retains compensation complex in C. elegans and the complex its ability to interact with all mitotic chromosomes and of structural proteins in X. laevis that drives mitotic chroto function normally in mitosis.
mosome condensation in vitro, the 13S condensin com-MIX-1 may have been recruited to the dosage complex . The condensin complex inpensation process through the evolution of the specludes the SMC proteins, XCAP-C and XCAP-E, and cialized SMC protein, DPY-27, which plays no role in three other proteins, one of which (XCAP-H) is a homolog chromosome segregation and associates only with X of the Drosophila Barren protein. Barren, like XCAP-H, chromosomes. MIX-1 cannot associate with interphase is a mitosis-specific protein; it is required for the separa-X chromosomes in the absence of DPY-27, but DPY-27 tion of sister chromatids at anaphase and acts by moduretains its ability to associate with X despite the relating the activity of topoisomerase II, an enzyme reduction of MIX-1 activity caused by the mix-1(b285) muquired for chromosome condensation (Bhat et al., 1996) . tation. DPY-27 is in turn directed to X by the hermaphrodite-specific proteins SDC-2 and SDC-3. Previous to this work, the only connections between the MIX-1, an XCAP-E homolog, in both mitosis and dosage R06F6 was fused to the mix-1 cDNA yk12b6 via its XhoI site at compensation, greatly strengthens the parallels benucleotide 40254 (exon 3). The pMRA2 clone (52 ng/ml) was cointween the dosage compensation complex and the conjected with the dominant marker rol-6 (100 ng/l) (Mello et al., 1991) densin complex and implies that these two complexes into the gonads of the four appropriately balanced mutant strains.
will have similar biochemical activities.
Partial rescue was only obtained for the let-29 strains unc-4(e120)
It will be important to learn if other members of the in the biochemical activity of the dosage compensation
To determine the DNA sequence changes associated with the let-29 alleles mn29 and b285, single homozygous mutant worms were complex when it is associated with X chromosomes.
picked and subjected to PCR using mix-1 primers. For each mutaPerhaps the SDC proteins regulate the distribution of tion, PCR products from three independent reactions were sethe dosage compensation protein complex along X and quenced on both strands. thereby limit the impact of this complex on the higher order structure of X.
mix-1 Null Phenotype

